INTRODUCTION
Advances in vacuum technology and several vapor deposition techniques have now made possible the sequential monolayer-by-monolayer deposition of more than one material (elements, alloys, or compounds). Exploitation of this capability for the synthesis of nearly flawless semiconductor superlattices has been highly successful, as discussed in the many papers presented at this conference.
Recently, interest in such compositionally modulated materials has expanded to include metals. [l,Z] Actually, as Figure 1 shows, research on metallic multilayers and superlattices dates back over fifteen years. Although the two curves in Figure 1 include different types of data (e.g. the top curve includes all MBE-grown materials, not just heterostructures and superlattices), it is interesting to note how closely the fields have paralleled each other in growth. The exponential growth in research on MBE-grown semiconductors can partially be attributed to the large number of practical devices arising from this research. Various applications of metallic superlattices are now appearing. A few examples are optics for softx-rays [ 3 , 4 ] and magneto-optic data recording. Although it is dangerous to extrapolate exponential growth curves, the emergence of such applications should continue to stimulate research in this field, and should mean a strong future for both basic and applied research on metallic superlattices.
ARTIFICIALLY STRUCTURED MATERIALS INVOLVING METALS
In the case of artificially structured materials made partially or completely of metallic components, the absence of strong covalent bonding makes the growth of high-quality crystals more difficult than Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987509 for semiconductors. Kowever, while highly perfect layers are required for semiconductors in order to exhibit phenomena of interest, it is important to realize that metals can tolerate greater levels of structural and chemical imperfections and still exhibit useful properties. In many ways metals are more forgiving of impurities and structural imperfections than are semiconductors. Many physical' properties are not strongly affected by a less than perfect material, whereas semiconductors are seriously degraded by defects, impurities, etc.
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Year Figure 1 . Number of articles per year on all MBE-grown materials (primarily semiconductors), and on metallic multilayers and superlatt ices. [8] While it is more difficult to grow a "perfect" metal crystal than it is a perfect semiconductor crystal, at the same time it is usually less important. However, for certain physical properties great care must be used in the fabrication of metallic superlattices. For example, the superconducting properties of Nb-containing superlattices will be degraded by oxygen contamination. Since Nb is a strong oxygen getter, ultra-high vacuum and/or high deposition rates are required to keep oxygen contamination negligible in the growing film. Also, in the case of metal/non-metal samples produced by sputtering, Ar gas inclusion in the growing film can sometimes be a problem.
STRUCTURAL PERFECTION OF METALLIC SUPERLATTICES
Metallic superlattices and layered structures with periodicities close to atomic dimensions have been produced from a variety of metals using sputtering, [9, 10] evaporation [11, 12] and Molecular Beam Epitaxy (MBE) [13, 14] techniques. These systems exhibit highly regular periodicity along the layered direction, but varying degrees of perfection within the layers and at layer interfaces. Multilayers and superlattices made with metallic components have degrees of structural perfection which fall naturally into three classes as described below, and illustrated in Figure 2 . For many purposes ideal single crystal epitaxy as exemplified by the semiconductor GaAs/GaAlAs system is not required, so that preparation and study of metallic materials falling into each class of this scheme is worthwhile.
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Structural Coherence Figure 2 . Diagram illustrating the degrees of structural coherence obtained in metallic multilayers and superlattices.
A "multilayer" film may have sharply defined boundaries between its two (or more) components with quite regular average spacing between layers. However, the structure within either or both layers may not be crystalline. Thus, structural information is not transferred from a given layer to subsequent layers, so that there is no superlattice in this class of materials. In spite of the low degree of structural coherence, these materials have been shown to exhibit interesting physical phenomena (e.g. superconductivity [15, 16] ), and to have useful properties (e.g. for x-ray optics [ 3 , 4 ] or magneto-optic data storage [ 5 -7 1 ) .
"Composition Modulated Alloys (CMA's)" can be described by a single lattice whose sites are occupied by alternating elements in a periodic manner. The boundaries between the two components are generally not sharp and the amplitude of composition modulation in the center of a layer can be in the range from >O to 100%. Thus, even though a superlattice exists, the absence of sharply defined interfaces precludes the possibility of observing many phenomena of interest. An example of a CMA is the Cu/Ni system, whose magnetic properties have been extensively studied.[l7-191 "Metallic Superlattices" have sharp boundaries ( < 5% of the thinnest layer) between the two components as in the case of multilayered films. In addition, however, there is long range structural coherence maintained across many layers of the material, as in the case of a CMA. Thus, one has the roughly natural lattice spacing within the layer modulated by the imposed superlattice layer periodicity. 
EVAPORATION
Evaporation using thermally heated ovens or electron beam guns, at pressures >10-8 torr, has been successfully used to prepare a number of metallic multilayers with interesting physical properties.[l2-171 In this technique, the materials are alternately deposited on the substrate by means of shutters, or by rotating the substrates over the evaporation sources. In principle, layers down to the monolayer range are possible. The relatively large concentration of impurities incorporated in the films due to the high pressure, which would be unacceptable for a semiconductor multilayer, still allows a number of interesting phenomena to be observed.
MOLECULAR BEAM EPITAXY (MBE)
Due to the high cost, fewer than ten MBE machines are currently in use or on order for the fabrication of metallic superlattices.
[20] However, as for semiconductor superlattices, MBE is a powerful technique, and should find increasing use as further applications of these materials are identified.
The requirements for a "metals MBE" machine are different than for a GaAs machine. Many metals of interest have high melting points, so that reasonable vapor pressures cannot be achieved using Knudsen cells. Consequently, electron beam evaporation sources must be incorporated in the growth chamber. Provision should be made for UHV sputtering sources as well, along with a higher temperature platform for epitaxy of refractory metals. These, and other, requirements are very similar to those needed for the epitaxy of silicon. Consequently, MBE systems based on the new generation of Si MBE machines should find immediate use for producing metallic superlattices. A schematic diagram of such a machine is shown in Figure 3 . [21]
SPUTTERING
A schematic diagram of a sputtering system used for the preparation of metallic superlattices is shown in Figure 4 .1221 The base pressure of this diffusion pumped system is < 7 X 10-8 torr. We have shown that such a system is capable of depositing many metals with purity equivalent to the starting target material.
[23] The Ar sputtering gas pressure is typically < 3 X 10-3 torr, and is held constant to 50.2% using gas flow controllers. The sputtering rate is only weakly pressure dependant in this range, so that this is adequate to reduce pressure-induced sputtering rate variations to a negligible level. A microprocessor is programmed to operate a servo-controlled motor which rotates the substrates alternately above the sputtering guns at controlled angular rotation rates, or to hold them in place above each gun for a determined length of time. Variations in layer thickness due to rotation rate or to timing errors are negligible. There are two sources of variation in superlattice layer thickness which occur for sputtered samples. The first is the variation due to fluctuations or drift in the sputtering rate during a deposition. This is analogous to the problem of temperature regulation of a Knudsen cell. The second is caused by the spatial variation in sputtering rate at the substrate due to a finite size sputtering target. The same problem occurs for an MBE system. Feedback control of the sputtering power supplies is capable of regulating the sputtering rates (typically 20 -100 A/sec.) to *0.1%. This is the dominant source of error in sputtering these materials. Experimentally, it has been shown that an upper limit on superlattice layer thickness variations produced in such a sputtering system is *0.3%. [24] Because of the finite size of any sputtering target, absolute uniformity of layer thicknesses to arbitrary accuracy over the entire substrate is impossible to achieve unless a planetary system is used for holding the substrates.
DISCUSSION
In spite of the considerable work on metals, as illustrated by Figure  1 Much of the work on metal/insulator multilayers has been motivated by the possibility of producing efficient optical coatings for the far-Ultraviolet and soft X-ray region (the "X-UV" region). [3, 4] Both evaporation and sputtering have been used to produce these structures to date. For X-UV mirrors, work has concentrated on alternating materials with high electron density with those of low electron density, to produce multilayers with the largest differences in optical constants. Amorphous C and B are commonly the low electron density materials of choice. Application of MBE techniques to produce crystalline layers of Si, with improved optical properties in certain regions of the X-UV as well as the ability to withstand heat loads without recrystallization, should prove important in the future. [25] To date, no metallic multilayer or superlattice has been found which has the same degree of perfection as their semiconductor counterparts. Crucial factors in determining structural quality are thought to include the binary phase diagram of the components being layered (especially their mutual solubility and the presence or absence of intermetallic compounds), interdiffusion rates, the existence or absence of lattice matching and compatible crystalline symmetries, the availability of suitable epitaxial substrates, ability to control substrate temperature over a wide range, precise control over the deposition conditions, etc. Determining which factors affect the formation of high-quality metallic superlattices or layered structures is crucial, and is an important research question at the present time.
FUTURE OF METALLIC SUPERLATTICES
In summary, the future of research on metallic superlattices appears to be bright. Highly regular and controllable layering in a wide variety of metallic systems has been achieved, and semiconductor-like quality has been approached in special cases. The precise nature of the interfaces (lattice match, strains, chemical composition, electronic structure, etc.) in these metallic systems has not yet been entirely determined, and will be the subject of future work. The application of MBE growth techniques, with the possibility of in situ determination of interfacial structure and electronic properties, should lead to future improvements in these materials.
Finally, it should be emphasized that many of the interesting and important effects that will be possible in layered metallic systems do not necessarily require the high degree of crystal perfection and chemical purity characteristic of semiconductors.
